
The experiments provide ne~~~den~~~~t the r&rate clewage pathway is the major source 
of carbon for the synthesis of $tty ack& k‘l I-& Transfer of c&&e ~~~n,~rn @e 
mitcchondria into the ~0~~~~~~~~~~~ occww in the form ~~~~~~~~c ac& and not vie 
a-ketogluterat~ 01‘ glutamate. 

e experiments demonstr&d some Bf the mechanisrqs~ 
rpinned thb safety of the v&.ws salts af (-)-HCA. The 

n d (+HGA and further 
uch of.the referenced 
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Hydroxycitrate was firss. reported to occur as a minor consti~~e~~~ of sugar 
beets by E, van Lippman (MB). The first biocbemj~~ ~nv~st~g~~i~n of 
the stereoisomers of hy~~oxyc~t~ate was conducted by Marri.us and Ma& 
(1941). Using the methyfene b&e test for de~yd~o~~ase activity, these 
authors demonstrated that race&c bydroxy~trat~ is. attacked by what 
was presumed to be isocitrate .d~hydrogena~ from various sources. On 
the other hand, racemic ~~Z~bydr~~yc~trate is riot attacked. Racemic 
hydroxycitrate was resqlved, a it was shown that only the (-Y )-isomer 
is attacked. These resuhs have recently beea cu~~rmed in my laboratory 
by Jean White. She fourld that highly purified ~rePar~t~~~s of isocitrate 
dehydrogenase from beef heart: ‘and beef liver cat&se the reduction of 
TPN to TPNH when the-(-+) but not the (--)-isomer of~h~d,rox~cjtrate is 
tested as substrate, 

The (-}-isomer of : hydroxycitrate was first isoI~te~ from Gminia 
cmhogia by Lewis and Neela antan ( 1964, f 965). The ( -T* ~-a~~[~isorner 
was first isolated ,frotrt Ui&scus ~~~~~~~~2~~ by Griebel (1939* 19423. 
Isolation procedures for both isomers have recently. been : described in 
detail by Lewis (1969). The absotute con~g~at~o~s of the lactones of 
these compounds have’ been determined by ‘X-ray crystallography 
(GXusker, 1969). This work confirms the predictioff~ of ,the -absolute 
configurations made earl&r by ‘Lewis. 

The steric relation,of citrate and ‘natural’ isocitrate to the four stereo- 
isumers of hydroxycitrate is shown in Scheme f . The absohtte eonfigura- 
lion of citrate derived >f&m o~~oacetate and acetyl CoA via the citrate 
synthase reaction are show& iakheme -Ia, as are the absolute confiigura- 
Cons of cis-aconitate art&. n,-isocitrate derived from such citrate via the 
aconitase reaction (Lowenstein, 2967). Scheme lb shows that, the stereo- 
chemistry of [ ~~~-hydr~~~citr~~e. corresponds to that OF u&x.x&ate. the 

* Publication number ; 705 of the Graduate 5epa~t~e~t of Ri~~e~jstry, 
Brand& University. 
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154 J&MN M. LOWENSTE& 
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Scheme 1. Fischer prujeotion formulas of the absolute co~~~~ur~~i~n of tile 
stereoisomers of hjrdroxyqiaate iti relation to the absolute ctinRpurarion of 
citrate, cis-aconit+e and. g-isocitrate, In a, the carbon aroma fro.% the, ucetyl 
group of acetyl-CoA which becorn@ citrate in the citrate synthase reaction are 
shown in heavy outline, T4e st~ra~~mistry of the‘ac?nitase.teactian is‘snown 
by depicting the reaction as it occurs in D&k In b, t&z hydroxyl group shown 
in heavy outline is uniqu@to tne particular stereoisomer of 4~~oxyc~~~ate. The 
configuration of (t)-hydtoxycitrete corresponds to ‘I that of o~isocitrate. 
@Tote that in the projection formulas the horizontal bonds point iron‘ the 

vertical bonds towards the reader) 

‘natural’ substrate of isocitrate dehydragenases from animal sources. 
This is in harmony with the finding that ( + ~-~y~r~xy~tr~te is a substrate 
for isocitrate dehydrogkqase. 

In the reaciian catalysed by citrate cleavage enzyme (reactioi 
carbon atoms cf citrate which become the acetyl group of acetyf CoA 
are the same stereochemically as the carbon atoms aF the acetyl group of 
ace&l CoA which become citraie in the reaction catalysed by citrate 
synthase (reaction 2) 

citrate i- ATP + Co&-* acetyl GoA + oxaloacetate -I- ADP .: Pj (1) 
acetyl CoA + oxdmcetate + H$J -9 &ate + CoA Gu 

(Spencer &id Lowenstein, 1342). l%is 8nding has been ~o~~~rned ~~~ad~lrj 
and Srere, 1963). The carbon atoms of citrate in question are shclwn in 
heavy outline in Scheme la. Comparison with the four compounds in 
Scheme 1 b shows that (-I)-hydroxycitrate and (-))-ul~~~hydroxycitraCe 
carry a hydroxyl group pn. the earbon atom of citrate which normally 
becomes the methyl r~oup of acetvl CoA in the citrate cleav&e;e reaction. 
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It might be l-tiwied that from the me&an&tic vie-w, t&e ~>fe~enee of an 
additional hydroxyi 
to facilitate cleava 

OUp in lhe &position of citrate wt.&J be expected 
Of the carlxln-carb4.m bond between “the two 

hydroxyl-carrying carbons. However, (--)-hydroxycitratc daes not appear 
to be cleaved by citrate cleavage enzyme, at feast not as far as can be’ 
ascertained through hydroxamate a&~&ys. Instead, we have found that 
(-. j-hydroxycitrate is a potent inhibitor of citrate cleavage enzyme 
(Watson, Fang and Lowenst&t, 1969). Apparently the steric positioning 
of the additional hjrdroxyf group enhances binding ta the enzyme but 
prevents a subsequent step in the catalytic sequence. The other Stereo- 
isomer, (-)-aIlu-hyglr9xycitrate, h&s not so far been available for testing 
in the citrate cleavage reaction. 

INHIBITlON OF ClTRATE CLEAVAGE ENZYMES 
BY HYDR~XY~ITRATE 

(-)-Hydraxycitmfe is a powerful inhibitor d the reac~an catalysed 
by citrate cleavage enzyme (reaction 1). The inhibition is competitive with 
respect to citrate. At 8 KC1 concentration of 3OO’mM, the K, for citrate 
is about 200 PM, whiie the &i for (--)-hydroxycitrate is about 0.57 PM 
(Figure 1). At a KCi concentration of 85 mN the K, and Kj values are 
70 and, 0. I5 FM respective& (Watson, Fang and Lowe~$tein. 1969). 
Under similar conditions, ( .t-)-alla-hydroxycitra~ has little inhibitory 
effect on the enzyme. 

FATTY ACID SYNTKE~IS IN NON-R’~~INANT MAMMALS 
In the breakdown of foodstuffs, pyruvate derived from carbohydrate 

and fatty acids derived from fat are converted ,tO acetyi-CoA by intra- 
mitochondrial enzyme~systems, Under normal con itiom of carbbhydrate 
utilization, the rate of oxidatien of the acetyl gruu of acetyITeoA via the 
citric acid cycIe is determined by the energy dem ds af the tissue, or its 
equivalent, the ava~~~~ji~ DP. When the carbohydrate intake of an 
animal is in excess of its requirements the ~iyco~~~ stares become 
filled. Thereafter excess c ydrate is broken down to pyruvale. The 
reactions of glycolysis occur in the extrami~~chou~ria~ space of the cell. 
However, the oxidation of pyruvate to aeetybCaA occms in the mito- 
chondria. Acetyl gropps not required for energy Ijroduction are converted 
into fatty acids, In the rat, &rty acid synthesis occurs predomi in 
the extramitochondriafspace of the cell. The transfer of the acetyl of 
aceryl-CoA from the i~tramit~chondriai space into the cytoplasm is thus 
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Figure 1. !nhibition of &rate cleavage by ( -- )~h~d~oxyc~trate, The reaction 
mixture con?ained 20 mM M&f,, 300 m&l KCI, 0.34,mM GoA. 93 mMI Tris- 
HCI buffer, pW 8 -2, 10 rk& d~~~otb~eitol, 3 *33 mN ATP, .O* 16 n&I DPNH, 
malate dehydrogenase (0 ~33 unit~m~~ citrate cleavagg.enz)mtt: -( 1” 7 rni~~~u~j~s~in~, 
specific activity about 2$, ,aed citrate and (-I)-hydroxycirrate us indicated, The 
final volume was 3 ~0 ml &ffgi the temperScure was 23” ,C1 The assay was qarreh 
by addition of ATP, and! t& sea&ion was To&owed: by measuring the decrease 

in absorbance at $40 rnp (Watson, Fang and LowenstGn, 1969) 

an import*nt step in the conversion of carbohydrate into fat by non- 
ruminant mammals (Lawenstein, 1968). 

Various ways in which the acet$ group of j~tra~li&~~o~d~~al acely~~~oA 
might, be transferred i&o the e~tram~t~ho~drjal space of the ~81 are 
summarized in Scheme: 2 @pen&r and .Lowenst&, 1962; Lowernstein. 
1963). Each of the possibly pa?hways shown in the Scheme was examines 
in terms of rates of diffbsian af metabolites and of iatra- .and exrramito- 
choadrial enzyme levels. On this basis it was concluded that ci&& i.~ rhe 
major souwe qf the ncetyl grpup of acetyl CoA d&& in us& jbr rile 
extramitochtxdrifd sya&&is qf .fbtty acids in ~on”~~~,~~~~~l matWAs 
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Ac%iyI-CQA 

Acatytcornitine 

Acctyl-COA 

Schem 2. Four possible pathways for the trans$er of the acetyl group of 
acetyl-CoA f&m the jinpa- TV the extra~itoc~o~dr~a~ space of the cell. &I I, 
citrate is formed from ‘itcetyl-&A by the citrate synthase reactiori. citrate is 
then transferred iata thy ~xt~~i~~~~#~d~ial spats: before being converted back 
to acetyM3A by the cxtratb cleavage enzyme reacjion. In II, acetyl-CoA is 
hydroly.sed to acetate: *hich is transferred into the ~xtrarnjt~~~~~~l space 
and is converted backjt? acetyl-CoA by the acetate ~o~~as~; reaction. ln III, 
acetyi-CoA is converted to ace@ catnitine, which. after d~~usj~g from the 
mitochondria is converted back to acetyl-CoA. ‘I% enzyme which catalyses 
both reactions is acet$lKoA-mtmitioe acetyi traasfer~se. Jn IV, ace@-Cok is 
depicted as leaving t~e’mitocho~~ria by direct dif%si~n of the intact ,molecule. 

(From Kornacker and Lowenstein, ~KS5) 

(Lowenstein, 1968). Scheme 3 shaws an elaboration of the citrafe pathway 
indicated in outlini in Scheme 2. Starting with ~utram~~ocll~ndrial 
ace:ylCoA this pathway involves the formation ‘of citrate via the citrate 
synthase reaction, tbc dil%&m of j~trarnit~~h~~~ria~. citrate into the 
extramitochondrial space (possibly as a rna~nesi~i~ &rate chela?e), and 
the formation of auettyi-CoA via -the citrate cieav&ge rea&ion. Oxalo- 
acetate formed in the citrare cleavage reaction must be returned to the 
intramitochondrial space. M~~~bondr~a are exceedingly impermeable to 
oxaloacetate at the low concentrations of this substance which prevail in 
the cell (Lardy, 1966). Tbe extramit~chond~~ ~~~ve~~~n of oxabacetate 
to malare, and the :~ntran~~t~ho~dr~~l conversion of malate to oxalo- 
acetate are shown in Scheme 3 as a possible, way to overcome the 
permeability barrier $zmmted lo oxaloacetate, This proposal is 
the ubiquitous occurreke of both intra- and ext~mit~hondri~l malate 
debydrogenases. However, other measls of relurning the carbon skeleton 
of oxaloacetate into’ the mitochondria are not ruled out.. For example, 



Acefyk 

IntramitiMkmdriol 

Scheme 3, Transfer of the accr@l group af acetyl-CQA from the intro- to the 
extramitochondri$ space of the ceil via citrate. The ‘car!&+’ i1i this scheme is 
oxaloa&?tate, which ‘is used up’in the m itochondrin ,nnd is r~$en&ared in the 
cxtramitochondrial space, Unl@s the caxrier,is retut%ed to the ,~ito~~o~drj~, 
it will :accumulate in the ex~~mi~ochon~rial space. The return of ox&acetate 
is shown to proceed?t@ough the intermediate formati& of ma&c, but other 

oxdoacetate may be converted into aspa’rtate; wbieh may diffuse into the 
&tochondria and t31en be converted back to oxaloacetate. This pathway 
is feasible because “f the ubiquitous occurret~ce of extra- and intramito- 
chondrial giutamatie-aspartqe transami,ase’ (Bon%, i96ii ; Laxdy, 1966: 
Chap&l and Rob&son, 1968); A~~other possibility is the conve?sion of 
mafate to pyruvate: The pyrwvate may diffuse into the ,mito~bo~~~ria and 
then be converted back to ox&acetate. This pathway js feasible because 
of the occurrence of malic enzyme in the ~xtramito~bondriai spat@ of the 
cell, particularly qnder conditions when fatty acid ~yn~besi~ is high 
(-Lowenstein 1961: IWood and Utter, 1965; Ballard and Hanson, 19671, 
Much material has;been pub&h& in the last five years that is p&&lent 
to the entry and egress frqm ~tocbo~dria of citric acid cycie compounds 
and of reducing eqtiiv&nts. A comprehensive treatment of various facets 
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of these topics is &yen in the recent reviews by Grevifle {1969), Utter 
(1969), and yager, id? Haan ‘and SIater (1969). 

The role of the c&are cleavage reaction in the formation of e$ramito- 
chondsial acetyl-C&j was also investigated- by ~~k~h~ra, Tsutaemi, and 
Takeda (1968). A. reconstructed system was used Which consisted of 
mitochondria and rlicl&-ft%$ supernatatit prekared from rat liver. The 
ticetylatisn of either su~a~~~arnide or p&Suidine was studitid u&g either 
~4Glabelled or unl~tielled pyruvate as the sowx of‘carbon. Treatment 
of the supernatant &iih anti@rum to pure citrate cleavage enzyme (fnoue, 
Suzuki, Fukunishi,~Adachi &d Takeda, 1966) r*uced the ~cet~lafj~n of 
sulfanilamide and ptotuidine to about t5.% of the amo~~~~ observed in 
controls. Neither 4- nor o-carnitine affected the rates of,acet~~~tian in 
the presence or absence of antiserum. The authors c*~c~~uded that more 
than 80% of the e~tramit~ch~ndrial ac&yl-CoA derived from pyruvare is 
supplied through the:citrale &eavage pathway. 

atutamsta 

Intro- t 

Extrw- 
mrtoctmndrial 

4 
Cltfate -lracitrate 

AUP A+P 
+ 4 +cCpI 

Scheme 4. Transfer of the acacayl grclup of acetyl-CoA fr@m the intra- to the 
extramitochondrial space of the cell via ~~keto~l~~~a~~ and 
Awtyl-CoA is conve&&d to cx-ketoglutarate th;Faugh the ~~~errned~ate 
of citrate and isocitt’tite. The scheme is intended to shawr that ~-ket~~~~tarate 
can diffuse into the ,e~tr~~t~~ondr~a~ space! as such or after ,conver$orr to 
glutamate via transamination, 23ther glutamate or ~-keto~i~tarate or both are 
then convertql back: ts citrate, which is converted to acet~KoA a& oxalo- 
acetate by the citrate rcleava reaction (adbpted from D’Adamo and Haft, 
1962). The return op oxaJoac&ate into the m~t~ho~d~ia is shown to proceed 
through the interrneljste formation of aspartate, but other intermediate 

reactions are not ruled OUT 



160 :mm M. LQW~~~~~ 
In JO62 D’Adamo and. Maft repcirted experiments which showed that 

the radioactive carbon :of ~5-14C]gIuta~ate~ but net that of .f2-*4C]g)uta- 
mate, is incorparateo into fatry acids (see also Abraham, Madsen and 
Chaikoff, I964; Madsen,: Abrahqrn, and ChaikoK, 1944: ~‘A~arn~ and 
Waft, 1965; Leveille atid- Hanson, 19@5a, 196&J. On- the basis of these 
observations, and of the presumed jm~~rmeabil~ty of m~tochon~r~a to 
palyanions such as citr$tte, it was proposed that e~~rarnito~h~ndria~ 
citrate is derived from i~trarn~~~~o~l~ia1 citrate via the intermediate 
formation of rr-ketoglutarate or glutamate, as shown in Scheme 4. 
According to this vie$ ~tra~jto~~undrial citrate is converted to 
a-ketoglutarate or glutamate qr both. cc-Ketoghnarate or g~~~arn~t~ or 
both then diffuse into the extramitochondria? space where they are 
converted back to citrate by a reversal of the intram~‘to~hondrjal reactions, 
CIxaloacetate formed in :the citratg cleava reaction must then be returned 
into the mitochondria by one of-the pat ays discussed above. Scheme 4 
shows this to stake place, via transam~nati~n reactions, but’ other pathways 
are not ruled out, The ‘enzymes necessary for the pathway proposed by 
D’Adamo and Haft are’-found both in the intra- and extramitoc~o~dria~ 
space of the ceil. However, a de now synthesis of fatty acids from glutamate 
was not demonstrated in the ex~rirne~~~s referred te &above, and caution 
must be exercised in i~t~rpreti~~ isotope i~cQr~oration experiments in 
terms of net synthesis atong a pathway. 

A NEW ASSESSMENTOF THE CITRATE PATHWAY OF 
FATTY AC& SYNTHESIS IN RAT LIVER 

The fizlding that (--~~~ydro~y~jtrate is a-powerful j~~b~~o~ of citrate 
cleavage enzyme has mide it possible to test in a new way the ~yp~thes~s 
that citrate is the majbr precursor of the acetyi groups used far the 
extramitochondrial synth@sis of fatty acids when the major source of 
carbon is pyruvate. The ixperiments presented’ below involved the use 
of a reconstituted system consisting of mitoehondria and high speed 
superntttant (cytopiasmic protein) prepared from rat Iliver, ‘In martial 
experiments we used &t4C]pyruvate to generate i~~trarnit~h~n~ri~l 
aeetyl-CoA. Subsequent/y we umd ~J4CJa~a~~ne for Jhis purpose, since it 
is much stabler than pyruvite and can be stored readily in a state of purity. 

Figure 2 8hows that fatty a&d synthesis from f’% 
presence of both mjto~~~~dr~. and high speed 
reconstituted system emplayed by us, f&y acidqmz&sis cm be severely 
depremed by the ad&Jlan : of a Iuw comentration of’ X-)-hyc~~~~s,~~irrQte 
(Figure 3). As little as 3 * 5 J&I hydroxycitrate s,u~~r~ss~s fatty acid 
synthesis by 44:/i; 14 ,$$ soppres~s it by 88Oj,; and 48 $%I suppresses it 
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Figure 2. Requirement, for mit~~ondria ,and hi& speed s~~r~at~t for fatty 
acid synthesis from [“4C]aEalGne. The complete system cobbled mitochondria, 
3 + 3 mg protein per ml brmd activated high speed ,~~~r~~~t, 3.0 m$ protein 
per ml, prepared from ~a$ liver. The high speed su~~nat~*t was act&ated by 
incubation with 20 mM M&l2 lb mM dithiathreitoi, ti 50 mM 
buffer, pH 7 ‘4, at 38” C fbr 20, mim~tes, j&t before xxx (Fax@ a+& 
1967) In addition the! cpmplefe system cqGned ‘22 niM~. 
L-malate, 4 mM ~-keto~I~~ate* about O-13 mM GoA, 2 m 
MgC12, about O- ? 3 my,” IUD, about 0.5 mM ~~~~, 4 
phosphafe, 4 mM pottarismm phosphate, pH 7.3, arid 1 mlW [~-‘~~~~~ine 
(200 cpm per rnp mole).: The mixture had a final pM, of 7 ‘3. The initial volume 
was 6 ml, and the incu~tions w$re carried out in conical flaski which were 
shaken at I25 strokes p$r mi water bath at 3F C. A&+ots of -1 e0m.l 
were removed at the t&r#es pipetted into. 2qQml 5N NaG%I and 
analysed as described ~~~ous~y @a& and Lowenstein, 8967; Watson and 
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Figure 3, Effect of (- )~~~~dr~xycit~tc on fatty acid syntk&s from [g44Cj&ninc. 
The coml>lcte system dekribed in the legend to Figure 2 was us&, exce.pt &a~ 
( - Mlydruxycitrate was added to th$ reaction mixtur% as’ indicated (Watson arlli 

: Lowcnstein, uhpubiishedj 

by over 9517~. By comparison, 1 $vI (-)-hydr~xyc~tra~e h;is been lbuntl 
to be without effect on two key enzymes w&h catalyse reactcrioils in 
pathways 2 and 3 of Sclzhme 2, na’meiy acetate thiokinaie atid ncetyl-CoA - 
carnitine acetyl transfqr3sc. A possible aiternative explanation for the 
inhibition of fatty acirj synthesis in the presence of ( -*~~h~~~r~~xycitra~e is 
that this subslgnce inhibits sarqe vital part of inrramitoclrondriai meta- 
bolism. This passibilitjt may be ruled out on the baskof the obsurv&on 
that 75 /a’M (-‘)-hydroxycitrate ks no eiIect on t~i~~i~~ndr~~l reqkotion 
(Table I). Moreover, this amo@ of l~ydro~y~~tr~te does WI affect the 
rate of ‘%X.I, production from [2J4C]pyruvate, The e~pe~~l~ent shown in 
Figure 3 therefore provides RBW evidence that the a&tyl group of acx~yl- 
CuA is transferred frum the in&a- into the ~xt~am~t~bo~drj~l space in 
the form of citrate, or & near relative of citrate, and noi ia the form of 
either acetyl-Co& acetyt carnirkz, or free acel~e. 
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EXPERIMENTS WJTH (~c- ~-~Y~~~XYC~*~~AT~ 163 
Table 1. tack of effeet,of (--)-hydrQXyCi~~rC on mjt~h~~dr~al rcspiratioh. The 
suspending medium cohsisted ,of a solution containing 0.245 M scrcrow, 20 mM 
Tris-HCl buffer, pW 7: JI $-5n&I MgCl~, rend 2 mM potassium phohphhate. it 
was saturated with air and stored at 25” while experiments were in progress. 
Suspending medtum (1 a8 ml) tias added to the reatiion ohamber and w;as 

allowed to equilibrate. Mit~~~~~dria @*I n& about 3.4) mg protein) were 
added to the medium., After Ibe endogenous fdtc of oxygen consumption was 
established this was folllowed by either 20 ~moles pyr~vate pius fU mM malate, 
ar 5 pnoles succinate,’ or 8 mM citrate (with and without 10 ~mdes m;\lruej, 
All SUbst~d&S wwz added in the farm of their potassium s&s which had be& 
neutralized ta pH ‘7‘3.: Whm indicated, 0’2 to 1 ~O~~~~nles ADP W&S atdded 
with the substrates. O~+en ca~~u~l~~i~~ was memumd 8t 28” with a Clark 
electrode in a magnetjc&ly stir&d chamber with a total capacity of 2.21~ 
-- ,. ^ ,.~___I-__ “_--.I ._- -1.1.~.- _” .I__ X-I “.” l^._,^,‘_l ,, _- 

Substrate P&P ~~-~-~ydroxy~i~r~te] 
None 75~M ___-.-.--_.- -..-- 

Chygmr trplffkc (III~L a~orns~m~ 

Scrccinate absent 
pjm3sl 

30 
95 

30 

95 

Citrate absent 13.3 13.2 
pksent 53.7 53.7 

Citrate ahsent 16.6 13*3 
pIUS 

mdale pvxsim 53.7 x3-7 
._ ___..,, - I,. ..__.. .._. -^.l,,,^ “, , ,._____ _-_. 

The question of whether the transfer of the acetyl group occuh via ;I 
tricaxboxylic acid suclias citrati itself, or via gl~~tail~at~ or ~~keto~~~~~lrat~. 
was put ia experime@l test. ff the pathway of’ acetyl group travrsfel 
involves a-ketogfutar& then the addititin of a pool of uniabelted 
cc-ketoglutarate should ,lead t.o a trapping of r4,5-“46J41’lke:tu~Lutarate 
formed from [U-t%]&lanine via the reactions: alanine _I+ pyruvatc ‘.- 
acetyl-CoA -T citrate ‘2 bmciwate -+ ~-k~t~~~~lt~r~,t~. * Such~a. mpping 
sbauld be reflected in: a reduction of 14C ~~~~~r~ora~~c~ into fatty acids. 
The results in Figure 4 show &at addition of ~“~gt~gl~~a.ra~~ dries not 

* [U-t4C:JAlanh~e gives rise via pyruvate to [f ,2-14C]acetyl ~~~beil~c~ acetyl-CoA. 
The latter gives rise via ~~~~itrate,~y~t~~~ reaction, to stereoi;~ifelcaIly-la:bdIed 
[I ,2-r4C]citrate, which, ici tarn givep rise to r4,5-14C]or-ke~o&rg)utarate. These sceric 
htterrelations have been d~~c~~ed,f~li~ elsewhere (Lowenstein, 1967). 
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164 JCXiN W. LOWEWTEIN 
diminish the foxmatiorr’of lab&cd fatty acids. At the -robust concentration 
of a-ketoglutarate a@led (12 m&Q, the total amouat of m&eta 
present exceeded the atiount of acetyl group ~~~~~ted in& fatly acids 
by a factor of about: NIXI. Scrme of-the ~-keto~uta~ate added was con- 
verted to g!utamateP by tra~~~~ation with alanine; this .,~robabl~ 
accounts fos the increase in fatty acid synthesis &XXI ~14C]a~a~j~e which 
occurred as the concentration of ff-ketoglu~rat~ waii increased, Even so, 
cr-ketoglutarate was present in great excess. S!nce- it failed to dilute the 
radioacti&e carbon, pool which serves to supply ~~ec~~rs for the synthesis 
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of fatty acids, it is &Mud& that the ace@ gt~up of i~t~mito~hon~rial 
acetyt-CoA is mast probably not exported from the mitocho&ria as 
af-ketoglutarate or glutamate but as &rate.* 

It is possible that;iu the irr I&W system employed by us the reductive 
carboxylation, of ~-~e~o~n~rate by ‘isocitrarq dehyd~ogenase, does not 
occurs whereas in t&e’ intact ceil conditions far this reactjon are more 
favourabie. The in .Y@IV system described here contained a NADPH 
regenerating system, wl&ich es it unlikely that the reductive decarboxy- 
lation did not occur rofor lack of~NA.Dx)pH. 

In conclusion, th? ~~~~rne~ts presented here provide new evidence 
that the citrate cleavade pathway is the major SQUCM: of ca&an for the 
synthesis of f&y aci& in rat. Transfer of &late carbon from the mito- 
&ondria into the cytoplasm probably occurs in the farm of tr~c~~boxyl~c 
acids, m;d not via ~-~etog~ut~~ate or glutamate. 
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